Quantum chemical calculations have been performed to study the molecular geometry, 1 H and 13 C NMR chemical shifts, conformational, natural bond orbital (NBO) and nonlinear optical (NLO) properties of the 2-chloro-5-(2-hydroxyethyl)-4-methoxy-6-methylpyrimidine molecule in the ground state using DFT and HF methods with 6-311++G(d,p) basis set. The optimized geometric parameters and 1 H and 13 C NMR chemical shifts have been compared with the experimental values of the title molecule. The results of the calculations show excellent agreement between the experimental and calculated frequencies at B3LYP/6-311++G(d,p) level. In order to provide a full understanding of the properties of the title molecule in the context of molecular orbital picture, the highest occupied molecular energy level (E HOMO ), the lowest unoccupied molecular energy level (E LUMO ), the energy difference (∆E) between E HOMO and E LUMO , electronegativity (χ), hardness (η) and softness (S) have been calculated using B3LYP/6-311++G(d,p) and HF/6-311++G(d,p) levels. The calculated HOMO and LUMO energies show that the charge transfer occurs within the title molecule.
Introduction
Pyrimidines are biologically important molecules that have heterocyclic nuclei valuable for the design of pharmaceutical agents [1] . The biological activities shown by 6-substituted uracil derivatives provide a new motivation to explore the chemical and biological activities of these pyrimidine derivatives [2] [3] [4] [5] [6] [7] [8] . Uracil derivatives as well as their nucleosides which have significant status in the field of chemotherapy, are substituted either at C5 or C6 positions. Especially, 5-substituted uracil analogs have been extensively investigated to use in cancer [9, 10] and viral chemotherapy [11, 12] , as enzyme inhibitors [13] [14] [15] [16] and in the synthesis of modified nucleotides [17, 18] . Lately, it has been realized that some C5 and/or C6 substituted pyrimidine derivatives exhibit antiviral and cytostatic activities [1] . * E-mail: omertamer@sakarya.edu.tr
The novel type of nonconventional C-6 (2-chloro-5-(2-hydroxyethyl)-4-methoxy-6-methylpyrimidine molecule) pyrimidine nucleoside mimetics as model molecules for the development of tracer molecules in positron-emission tomography (PET) were synthesized [1] . Recently, 2-chloro-5-(2-hydroxyethyl)-4-methoxy-6-methylpyrimidine [C 8 H 11 ClN 2 O 2 ] was synthesized and characterized using X-ray diffraction method and its structure was elucidated with 1 H and 13 C spectra by Kraljevic et al. [1] . However, to the best of our knowledge, the theoretical calculations of conformational, natural bond orbital (NBO) and nonlinear optical (NLO) analysis, molecular geometry, molecular frontier orbital energy and electronic properties of the title molecule have been not investigated yet.
The aim of the present work is to provide a full description and understanding of structural, spectroscopic, electric and electronic properties of the title molecule. In this regard, DFT and HF methods have been used to calculate the ground state 370 HACER PIR GÜMÜŞ et al. molecular structure [19] , bonding features, conformational study [20] , natural bond orbital (NBO) [21] and nonlinear optical (NLO) [22] analysis, 1 H and 13 C NMR chemical shifts [23] , molecular frontier orbital energies [24] [25] [26] , Mulliken and NBO charges as well as the molecular electrostatic potential (MEP) map [27] for the title molecule.
Computational details
In the ground state, the molecular structure of the title molecule was calculated by performing both the Hartree-Fock (HF) and the density functional theory (DFT) by a hydrid functional B3LYP functional (Becke's three parameter hybrid functional using the LYP correlation functional) methods [28, 29] at 6-311++G(d,p) level. Based on the optimized geometry, 1 H and 13 C NMR chemical shifts were calculated within the gauge-independent atomic orbital (GIAO), individual gages for atoms in molecules (IGAIM) and continuous set of gauge transformations (CSGT) methods applying B3LYP and HF methods. The conformational and natural bond orbital (NBO) analyses, frontier molecular orbitals, atomic charges and molecular electrostatic potential surface calculations were performed using Gaussian 09W program package [30] and GaussView 5 molecular visualization program [31] . DFT and HF methods were also used in the calculations of dipole moments, polarizability and hyperpolarizability values of the title molecule.
Results and discussion

Geometric optimization and conformational analysis
The 2-chloro-5-(2-hydroxyethyl)-4-methoxy-6-methylpyrimidine [C 8 H 11 ClN 2 O 2 ] molecule in triclinic system with a noncentrosymmetric space group P1, and unit cell parameters a = 7.5752(2)Å, b = 7.9618(2)Å, c = 7.9984(2)Å, α = 82.878(2)°, β = 79.812(2)°, γ = 81.739(2)°and V = 467.46(2)Å 3 has been synthesized by Kraljevic et al. [1] . The experimental molecular structure with the numbering of atoms and the optimized structure obtained at B3LYP/6-311++G(d,p) are shown in Fig. 1a [1] and Fig. 1b , respectively. The crystal structure of the title molecule was taken from Cambridge Crystallographic Data Center (CCDC 749762). The geometric parameters (bond lengths, bond angles and dihedral angles) calculated using HF and DFT/B3LYP methods at 6-311++G(d,p) level for the title molecule were compared with the experimental parameters [1] in Table 1 . The O1-C4 bond length was determined to be 1.333Å [1] and this bond length, calculated using HF and B3LYP methods with 6-311++G(d,p) basis set, was determined as 1.318Å and 1.342Å, respectively. The experimental N1-C2 bond length of 1.306Å [1] was calculated as 1.292Å and 1.312Å, respectively. The C5-C6 bond length defined as 1.376Å [1] was calculated as 1.380Å and 1.395Å using HF and B3LYP methods. The Cl1-C2 bond length defined as 1.739Å [1] was calculated as 1.736Å and 1.758Å, respectively. The C2-N1-C6 bond angle was found as 115.21° [1] , and this bond angle calculated using HF and B3LYP methods was found to be 116.44°and 116.26°. The N1-C2-Cl1 experimental bond angle of 115.24° [1] was calculated to be 116.54°and 116.33°, respectively. We can note that the results obtained in this study, which belong to the solid phase and theoretical calculations, can be classified as favorable, as they are supported by the experimental data. The largest differences between experimental and theoretical bond length and experimental and theoretical bond angle are about 0.017Å and about 2.09°, respectively. As can be seen, there is a good agreement between the experimental and calculated geometric parameters.
To make comparison with experimental results, we have presented linear correlation coefficients (R 2 ) for linear regression analysis of theoretical and experimental geometrical parameters (Fig. 2) . R 2 values for bond lengths are found to be 0.9965 and 0.9946, while those for bond angles are found to be 0.9911 and 0.9732 using B3LYP, DFT/B3LYP and HF methods, respectively. As one can easily see from the above cited correlation coefficients, they are similar to each other for two levels of geometric optimization of the title molecule. The best correlation coefficient was obtained for DFT/B3LYP method with 6-311++G(d,p) basis set. Minor differences derived from the experimental results are observed for the solid phase, while the theoretical calculations were performed in the gas phase. The conformational analysis has been performed to determine the most stable conformers of the title molecules using the DFT/6-31G computational level. From the rotation of different groups, the minimum energy conformations are obtained, and valuable structural information about the protein can be acquired. In order to reveal all possible conformations of the title molecule, a detailed potential energy curve for τ(C6-C5-C7-C8) dihedral angle has been determined in steps of 10° (Fig. 3) . The structure of the highest and the lowest energy conformers for τ(C6-C5-C7-C8) dihedral angle and the computed values of these dihedral angles are given in Hartree. Conformers resulting from unconstrained optimizations of the highest and the lowest energy structures calculated using B3LYP/6-31G are shown in Fig. 4 . Additionally, 3D potential energy surface (PES) scan simulated for the dihedral angles of C6-C5-C7-C8 and C5-C4-O1-C10 is given in Fig. 5 . scan of the title molecule using DFT/6-31G level. 
NMR spectra analysis
A comparison of experimental and theoretical spectra can be very useful to make correct designation of peaks and understand the basic chemical shift molecular structure relationship. In this study, 1 H and 13 C NMR chemical shifts have been calculated within the gauge-independent atomic orbital (GIAO) [32] [33] [34] , individual gages for atoms in molecules (IGAIM) [35] and continuous set of gauge transformations (CSGT) [36] methods applying B3LYP and HF methods with 6-311++G(d,p) basis set ( Table 2 ). Correlation graphs of calculated and experimental 1 H NMR It is well known that aromatic carbons give signals in the range of 100 to 150 ppm. However, it has been found that calculated C2, C4 and C6 13 C NMR peaks are higher than 150 ppm. It is well known that the electronegative atom reduces the electron density of carbon atom, so its 13 C NMR peak shifts to downfield region in the NMR spectrum. Such effects of chemical shifts [37] are very well known in the literature [38] . The carbon atoms C2, C4 and C6 were calculated in the down field due to the deshielding effect of N and Cl atoms. From Fig. 6 , correlation coefficients for DFT/B3LYP method are found in the range of 0.9960 and 0.9961, while those for HF method are found in the range of 0.8123 and 0.8493 for 13 C NMR peaks. Consequently, it is demonstrated that DFT/B3LYP level gives more consistent results than HF method.
The 1 H chemical shift value for H2 atom was found to be 4.71 ppm [1] , and this chemical shift was calculated in the range of 3.912 and 4.475 ppm. The NMR peak, which is responsible for H2 atom, shifts to downfield region due to the electronegative O atom. The title molecule has two methyl groups, and these groups give NMR peaks at different regions. The methyl group attached to O atom gives peaks in the range of 3.866 to 3.739 ppm, while those attached to C atom give peaks in the range of 2.390 to 2.361 ppm at B3LYP level. The reason of the increasing 1 H NMR peaks of the methyl group attached to O atom is due to the electronegativity of O atom. If we make a comparison between the 13 C NMR calculation methods, it can be said that IGAIM method gives results closer to the experimental ones than GIAO and CSGT methods. From Fig. 6 , it can be seen that GIAO gives the best results for 1 H NMR calculation at DFT/B3LYP level.
Natural Bonding Orbital (NBO) analysis
Natural bonding orbital (NBO) analysis provides an efficient tool for studying intra-and inter-molecular bonding and interaction among bonds, and also provides a convenient basis for investigating charge transfer or conjugative interactions in molecular systems [39] . NBO calculations have been performed using DFT and HF methods in order to understand various second-order interactions between the filled orbitals of one subsystem 374 HACER PIR GÜMÜŞ et al. and vacant orbitals of another subsystem, which are a measure of the intermolecular delocalization or hyperconjugation. NBO method makes possible to examine hyperconjugative interactions due to electron transfers from filled bonding orbitals (donor) to empty anti-bonding orbitals (acceptor) [39, 40] .
In the title molecule the examined hyperconjugative interactions are of second-order type and take place between σ and σ * orbitals or between electron lone-pairs (Lp) and σ * orbitals.
The second-order Fock matrix was used to evaluate the donor-acceptor interactions in the NBO basis [41] . The interactions result in a loss of occupancy from the localized NBO of the idealized Lewis structure into an empty non-Lewis orbital. For each donor (i) and acceptor (j), the stabilization energy E(2) associated with the delocalization i → j is estimated as [42] :
where q i is donor orbital occupancy, ε i and ε j are diagonal elements and F(i, j) is the off-diagonal NBO Fock matrix element. In NBO analysis, large E(2) values imply an intensive interaction between electron-donors and electron-acceptors and the greater the extent of conjugation of the whole system, the more possible intensive interactions. The hyperconjugative σ → σ * interactions play a highly important role. These interactions represent the weak departures from a strictly localized natural Lewis structure that constitutes the primary "noncovalent" effects. The results of NBO analysis tabulated in Table 3 indicate that there is a strong 
Electronic properties
The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energies are very important parameters for quantum chemistry. HOMO and LUMO are the main orbitals taking part in chemical reactions. HOMO energy characterizes the ability of electron giving, while LUMO energy characterizes the ability of electron accepting. Energy gap between HOMO and LUMO characterizes the molecular chemical stability and it is a critical parameter in determining molecular charge transport properties because it is a measure of electron conductivity [43] . The total energy, HOMO and LUMO energies, the energy gap (∆E), ionization potential (I), electron affinity (A), absolute electronegativity (χ), absolute hardness (η) and softness (S) for 2-chloro-5-(2-hydroxyethyl)-4-methoxy-6-methylpyrimidine molecule have been calculated at HF and DFT(B3LYP) level in the 6-311++G(d,p) basis set, and obtained results for these parameters are given in Table 4 . The calculated HOMO and LUMO energies show that charge transfer occurs within the title molecule. HOMO and LUMO energies were calculated as −9.6052 and 0.9178 eV for HF level and -7.1036 and -1.3464 eV for B3LYP level, respectively. The energy gap between the HOMO and LUMO orbital was predicted as (chemical softness) where I and A are ionization potential and electron affinity, and I= −E HOMO and A= −E LUMO , respectively [44] . While χ values were calculated as 4.3437 eV and 4.2250 eV, η values were calculated as 5.2615 eV and 2.8786 eV for HF and B3LYP levels, respectively. In general, for any two molecules, electron is partially transferred from one of low χ to that of high χ, (that is, electrons flow from high chemical potential to low chemical potential).
Surfaces for the frontier molecular orbitals (FMOs) were drawn to understand the bonding scheme of present molecule (Fig. 7) . The coefficients of Frontier α-spin molecular orbitals for title molecule using B3LYP/6-31++G(d,p) level have been calculated as follows:
Electrical properties
Dipole moment, polarizability and hyperpolarizabilities, which are important parameters in structural chemistry, have been a subject of intense investigations on molecules with large hyperpolarizabilities, since these substances have a potential as the constituents of nonlinear optical materials. The polarizabilities and hyperpolarizabilities characterize the response of a system in an applied electric field [45, 46] . Electric polarizability is a fundamental characteristics of atomic and molecular systems [47] . This parameter can determine not only the strength of molecular interactions (such as the long-range intermolecular induction, dispersion forces, etc.) and the cross sections of different scattering and collision processes, but also the nonlinear optical properties (NLO) of the system [48] . The theory of electric polarizability is a key element for the rational interpretation of a wide range of phenomena, from nonlinear optics [49] and electron scattering [50] to phenomena induced by intermolecular interactions [51] .
In this paper, we present the values of the total static dipole moment (µ), the mean polarizability ( α ), the anisotropy of the polarizability (∆α) and the mean first-order hyperpolarizability ( β ) as defined in the following equations [52] :
where
The total static dipole moment, the mean polarizability ( α ), the anisotropy of the polarizability (∆α) and the mean first-order hyperpolarizability ( β ) have been calculated for the title molecule using Hartree-Fock (HF) and density functional theory method (DFT/B3LYP) with the 6-311++G(d,p) basis set. The α and β components of Gaussian 09W output are reported in atomic units and, therefore, the calculated values have been converted into electrostatic units (α: 1 a.u. = 0.1482 × 10 −24 esu. and β: 1 a.u. = 8.6393 × 10 −33 esu.) and given in Table 5 . The direction of the dipole moment vector in a molecule depends on the centers of positive and negative charges. According to the present calculations in Table 5, dipole (Table 5) . Additionally, it has been noticed that hyperpolarizability in xyy direction is higher due to the delocalization of the charge cloud. The maximum β value is due to intermolecular hydrogen bonds and π−π stacking interactions. The obtained maximum β value indicates that the displacement of the charge cloud is larger in that particular direction.
Obtained hyperpolarizability values show that the title molecule exhibits considerable NLO character as compared to previously calculated molecules [53] [54] [55] . 
Molecular surfaces
The molecular electrostatic potential (MEP) surface, which is a method of mapping electrostatic potential onto the iso-electron density surface, simultaneously displays electrostatic potential (electron + nuclei) distribution, molecular shape, size and dipole moments of a molecule and it provides a visual method to understand the relative polarity [56] . The molecular electrostatic potential (MEP) has been established as a useful quantity to explain hydrogen bonding and structure activity of molecular behaviors. The color scheme for the MEP surface is red (electron-rich or partially negative charge), blue (electron-deficient or partially positive charge), light blue (slightly electrondeficient region), yellow (slightly electron-rich region), respectively. Areas of low potential, red, are characterized by an abundance of electrons. Areas of high potential, blue, are characterized by a relative absence of electrons.
To predict reactive sites for electrophilic and nucleophilic attack for the title molecule, the 3D plot of MEP simulated at the B3LYP/6-311++G(d) level is given in Fig. 8. From Fig. 8 , the most negative region is located over hydroxyl O atom as well as the N atoms and Cl atom, while the most positive regions are located over hydroxyl H atom and methyl H atoms. Additionally, the contour map of molecular electrostatic potential surface was discussed and the polarization effect is clearly visible in Fig. 8. 
Mulliken and natural (NBO) charge analysis
Atomic charges play an important role in quantum chemistry and a lot of research works continue to refine the concept of an atomic charge. It is clear that Mulliken populations yield one of the simplest pictures of charge distribution and Mulliken charges render net atomic populations in the molecule [57] . The charge distribution in the title molecule has been calculated by the Mulliken and NBO methods at HF/6-311++G(d,p) and B3LYP/6-311++G(d,p) levels of theory. The obtained results are given in Fig. 9 . As can be seen, the magnitudes of the carbon Mulliken charges, found to be either positive or negative, change from -0.425047 to 0.574649 for the title molecule. The Mulliken charges show a behavior similar to that of the NBO charges. The all protons have a positive charge, while the oxygen atoms have negative charges.
Conclusions
The detailed investigation on 2-chloro-5-(2-hydroxyethyl)-4-methoxy-6-methylpyrimidine has been performed using quantum chemical calculations. Based on the optimized structures, 1 H and 13 C NMR spectra were simulated, and the obtained results were compared with the experimental ones. The obtained geometric parameters, 1 H and 13 C NMR chemical shifts results seem to be in a good agreement with the experimental data.
• Conformational analysis was performed, and the most stable conformers of the title molecule were obtained based on the PES scan method. The potential energy surface was built by varying the C6-C5-C7-C8 dihedral angle, and the obtained stationary points were confirmed. The energy scan results revealed that the value of the dihedral angle leading to a minimum energy is 255.674°.
• NLO investigations of the title molecule, which has pyrimidine ring and 2-hydroxyethyl chain substituted by various electron donating/withdrawing atoms/groups, have been performed. According to obtained NLO results, the title molecule exhibits considerable NLO character. Also, the strong hyperconjugative interactions with the large interaction energies demonstrate that the intramolecular charge transfer occurs in the title molecule.
• The relative stabilities, HOMO-LUMO energy gaps and implications of the electronic properties were examined and discussed. Additionally, the ionization potential (I), the electron affinity (A), the absolute electronegativity (χ), the absolute hardness (η) and softness (S) parameters were obtained from HOMO-LUMO energies for the title molecule.
• The ESP and MEP plots for the title molecule demonstrated the distribution of atomic charges among atoms, both nucleophilic and electrophilic, with respect to the difference between positive and negative charges. To sum up, the negative region (red) is mainly over the N and O atomic sites, which is caused by the contribution of lone-pair electrons of nitrogen and oxygen atoms, while the positive (blue) potential sites are around the hydrogen atoms. The title molecule exhibits strong intramolecular charge transfer and shows the second-order nonlinearity.
